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I. Introduction
The cyanobacteria are a large subgroup of morphologically and ecologically diverse Gram-negative prokaryotes that synthesize chlorophyll a and use water as an electron donor during photosynthesis, leading to the evolution of oxygen (Rippka et al ., 1979) . Cyanobacteria have an extended evolutionary history; organisms morphologically resembling extant cyanobacteria have been discovered in 3.5 Ga old fossiliferous material (Schopf, 1993; Schopf, 2000) . An increase in atmospheric pO 2 to approximately 15% of current levels occurred sometime between 2.2 Ga and 1.9 Ga ago and it is conceivable that ancient cyanobacteria were responsible for some or all of this O 2 productivity and thus the eventual emergence of the aerobic autotrophic eukaryotes (Holland, 1994; Kasting & Siefert, 2002) .
This evolutionary history is reflected in modern times by the ability of various cyanobacterial species to populate an unprecedented diversity of ecological habitats; from Antarctic coastal lakes to geothermal hot springs, from semiarid deserts to massive marine blooms. Concomitant with the colonization of this variety of ecological niches is the capacity to respond and adapt to widely fluctuating environmental conditions. Cyanobacterial habitats may be characterized by varying light intensity, temperature, water availability, nutrient availability, and ion levels.
How are cyanobacteria able to respond and adapt to environmental fluctuations? Initially, the organism must possess a mechanism by which an environmental signal can be perceived. Subsequently, the information contained within the signal must be transduced to the response apparatus of the organism (where the response apparatus can modulate anything from the post-translational modification of a protein to the transcriptional machinery). In this review I detail the state of knowledge regarding one such group of molecules, the cyclic nucleotide monophosphates (cNMP), which transduce information regarding the state of a cell to the response apparatus.
II. Cyclic nucleotide monophosphates

cAMP and adenylyl cyclase
There are two cNMPs that have a clear role in biology; adenosine 3 ′ ,5 ′ -cyclic monophosphate (cAMP) and guanosine 3 ′ ,5 ′ -cyclic monophosphate (cGMP). cAMP was initially identified as a heat stable factor that mediated the response of mammalian cells to the action of hormones . It was established that an enzyme (originally known as adenyl cyclase but now commonly referred to as adenylyl cyclase or adenylate cyclase (AC); EC 4.6.1.1) was responsible for the cyclization of ATP to cAMP with the subsequent release of inorganic pyrophosphate while another enzyme, phosphodiesterase (PDE; EC 3.1.4.17), was responsible for the breakdown of cAMP to AMP (Butcher & Sutherland, 1962) .
Varying levels of cAMP have been identified in all phyla, including all animal species examined, bacteria, and lower and higher plants. The evidence for functional cAMP signalling in bacteria is strong through the identification of clear cAMP dependent phenotypes (Makman & Sutherland, 1965; Pastan & Perlman, 1970) and gene products with an unequivocally established biochemistry or high degree of homology with well characterized metazoan ACs (for example the study of Kanacher et al ., 2002) . Although there is a wealth of information on the role of cAMP in the physiology of higher plants (reviewed in Newton et al ., 1999 and Trewavas et al ., 2002) only a single putative AC encoding gene, pollen signalling protein (PsiP), has been identified (Moutinho et al ., 2001) . Although PSiP will complement an AC-deficient phenotype in Escherichia coli , interesting questions surround this open reading frame (ORF); PSiP-dependent cAMP accumulation in bacteria is upregulated by the plant diterpene forskolin, a remarkable finding as forskolin was originally identified as a nonphysiological activator of mammalian ACs (Seamon et al ., 1981) and has a well identified site of action, characterized through examination of the mammalian AC crystal structure (Tesmer et al ., 1997; Zhang et al ., 1997) . Given the controversy surrounding the role of cAMP in higher plants this intriguing work awaits the vital demonstration of an AC activity in recombinant PSiP protein.
Nearly half a century of research on cAMP in mammals has provided a wealth of information. At least 10 distinct AC isoforms have been identified (reviewed in Patel et al ., 2001 ). All but one of these isoforms are integral transmembrane proteins (transmembrane AC; tmAC) that consist of two sets of six transmembrane domains, the second set of which separates two approximately 40 kDa cytosolic catalytic domains (C 1 and C 2 ) (Krupinski et al ., 1989) . Both C 1 and C 2 are essential for full activity and form an intramolecular heterodimer. The archetypal signalling pathway through tmACs is depicted in Fig. 1 . A ligand, for example a hormone or neurotransmitter, binds to its cognate receptor, a member of the 7-transmembrane domain (7-TM) receptor family. The 7-TM receptors are associated with intracellular guanine nucleotide-dependent regulatory proteins (G proteins), thus enabling the ligand Fig. 1 The archetype for cAMP signalling in mammals. The figure shows the signal transduction cascade through the transmembrane adenylyl cyclases (tmACs). Briefly, ligand activates a signal transduction cascade through activation of heterotrimeric G-protein subsequent to receptor binding. Activated G-protein upregulates adenylyl cyclase activity, leading to the generation of cAMP. cAMP has multiple effectors in the cell as shown. The components are described in more detail in the main text.
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signal to be transduced to the intracellular environment. G proteins typically consist of three subunits ( α , β and γ ) of which there are multiple isoforms of each that can interact with multiple downstream effectors (Albert & Robillard, 2002) . Typically, those G α subunits that interact with AC are of the stimulatory (G α s ) or inhibitory (G α i ) type (Sunahara et al ., 1996) . Inactive G α is associated with the 7-TM receptor and its βγ binding partners. G α also has a bound guanine nucleotide that is GDP in the inactive state (G α -GDP). Binding of the ligand to the 7-TM receptor leads to a conformational change whereby the GDP is exchanged for GTP (forming G α -GTP), allowing the dissociation of G α -GTP from its βγ binding partners. G α -GTP undergoes a conformational change that enables it to bind to the surface of the AC C 1 -C 2 catalytic heterodimer (Tesmer et al ., 1997 ). G α s is thought to interact mostly with the C 2 domain to facilitate the collapse of active site residues around substrate ATP, thus activating the enzyme (Tesmer et al ., 1997) whereas G α i binds the C 1 domain and may maintain the active site in an open conformation thus inhibiting catalysis (Dessauer et al ., 1998) . The activity of G α -GTP is only transient as G α has an intrinsic GTPase activity that enables it to hydrolyse GTP. This GTPase activity is accelerated through interaction with the AC catalytic domains (Scholich et al ., 1999) . The reacquired G α -GDP state subsequently binds its βγ binding partners.
The formation of cAMP from ATP proceeds via the formation of an asymmetrical heterodimer made from the two tmAC catalytic domains with both C 1 and C 2 contributing amino acids essential for catalysis. An in-line attack on the 3 ′ -OH group of the α -phosphate of ATP results in the release of cAMP and pyrophosphate (Tesmer et al ., 1997; Zhang et al ., 1997) . Generated cAMP has three identified effectors. 1 Binding of cAMP to the homodimerized regulatory subunits of the cAMP-dependent protein kinase (PKA; protein kinase EC 2.7.1.37) causes dissociation from the catalytic subunit homodimer. The subsequently formed catalytic subunit monomers possess a serine/threonine protein kinase activity that enables them to phosphorylate and thus modulate the activity of a range of target proteins (Meinkoth et al ., 1993) . Anchoring of the regulatory subunits through AKAPs (PKA anchoring proteins) can also generate spatial specificity to cAMP signalling through PKA (Feliciello et al ., 2001) . 2 cAMP is able to bind and directly activate a subset of ion channels (Kaupp & Seifert, 2002) . 3 cAMP can bind and directly activate the Epac protein, a GTP exchange factor for the Rap1 small G-protein (de Rooij et al ., 1998) .
The cAMP signal is switched off through cAMP hydrolysis to AMP by the family of cyclic nucleotide PDEs that consists of at least 19 mammalian members of varying substrate specificities and regulatory properties (Conti & Jin, 1999) .
The tenth mammalian AC isoform, molecularly and biochemically distinct from the tmACs, is the soluble AC (sAC) and was originally purified from the cytosolic fraction of rat testes (Buck et al ., 1999) . sAC is a 180 kDa protein that possesses two N -terminal catalytic domains that are more closely related to AC domains from a number of prokaryotic species, including the cyanobacteria, than the other mammalian tmACs (Buck et al ., 1999; Roelofs et al ., 2001) . It has no hypothesized transmembrane domains and a 120 kDa Cterminal region of unknown function. Although found predominantly in testes, sAC is essentially ubiquitous (Sinclair et al ., 2000; Zippin et al ., 2003) and is activated by bicarbonate ion in a pH-independent manner (Chen et al ., 2000) . It is the discovery of the mammalian sAC that has informed our study of the cyanobacterial ACs but experimentation on cyanobacterial ACs has also provided valuable information on cAMP signalling among other groups of organisms (see Section 5).
Adenylyl cyclases have been identified in a range of prokaryotic species (reviewed in Barzu & Danchin, 1994) . Clones have been typically isolated by complementation cloning in E . coli defective in their own cAMP production ( cya -) (Wang et al ., 1981) although the completion of the various genome projects has made identification of potential AC domain encoding ORFs routine (McCue et al ., 2000) . The prokaryotic enzymes have been predominantly characterized as having their prescribed AC activity through complementation analysis or the absence of an activity in a mutant background, but a more precise measure of biochemical activity has now been established through the analysis of recombinant proteins in multiple species (for example the studies of Kasahara et al ., 1997; Guo et al ., 2001, and Kanacher et al ., 2002) . Examination of the primary amino acid sequences of the huge range of prokaryotic and eukaryotic ORFs reveals that ACs belong to a large gene family consisting of six phylogenetically defined classes (Barzu & Danchin, 1994; Cotta et al ., 1998; Sismeiro et al ., 1998; Tellez-Sosa et al ., 2002) . Class I ACs are found in the Enterobacteria, e.g. E . coli ; class II ACs are exclusive to certain toxin-producing bacteria (e.g. Bordatella pertussis and Bacillus anthracis ); class III (the universal class) ACs are the only class found among higher eukaryotes and also includes the mammalian guanylyl cyclases and prokaryotic members (including the cyanobacteria; see Section 4); a single class IV enzyme is found in Aeromonas hydrophila ; class V consists of a single member from the obligate anaerobe Prevotella ruminicola ; and the recently described class VI ACs found in the genomes of the Rhizobiaceae.
cGMP and guanylyl cyclase
cGMP was originally isolated from urine (Price et al., 1967) and was subsequently identified in many tissues and lower phyla (Goldberg et al., 1969; Ishikawa et al., 1969) . Guanylyl cyclase (GC; EC 4.6.1.2) activity in tissues was originally identified as being distinct from AC because of its partly soluble nature (Hardman et al., 1969; Schultz et al., 1969) . Molecular characterization of the GC enzyme family has now identified three distinct types of GC (reviewed in Wedel & Garbers, 2001 ). 1 The soluble forms, identified among higher eukaryotes, which are heterodimers of an α and β subunit and are assumed to mediate the responses of the cell to nitric oxide. 2 The single transmembrane isoforms, also identified among higher eukaryotes, which consist of an extracellular ligand binding domain and an intracellular kinase homology domain and GC domain. 3 The multiple transmembrane-spanning forms identified among a limited number of lower eukaryotes.
The GC catalytic domains are related to the class III (universal class) AC catalytic domains (Barzu & Danchin, 1994) . cGMP is also able to directly regulate cyclic nucleotide-gated channels (Kaupp & Seifert, 2002) and can activate the serine/ threonine cGMP-dependent protein kinase (Lohmann et al., 1997) . Among the prokaryotes only a single putative GC has been described in the cyanobacterium Synechocystis PCC 6803 (see Section 4.2).
III. cNMPs and their roles in cyanobacteria
cAMP in cyanobacteria
Although an earlier study had investigated the morphogenetic effects of adding cAMP to cultures of Nostoc muscorum (Kumar & Gupta, 1978 ) the first study devoted to the elucidation of cAMP concentrations in a cyanobacterium was not performed until 1979. Elizabeth Hood and colleagues (Hood et al., 1979) measured cAMP levels in two strains of the filamentous cyanobacterium Anabaena variabilis. Although levels of cAMP measured (0.27-2.7 pmol mg −1 protein) were low compared with those detected in E. coli (11.1 pmol mg −1 protein increasing to 687 pmol mg −1 protein on release of catabolite repression) the findings in this paper could be treated with a high degree of confidence as the authors used multiple independent methods to establish the presence of cAMP; cAMP, assayed by a protein-binding assay, could be degraded by a PDE and radiolabelled cAMP purified from cultures co-resolved with control cAMP by thin-layer chromatography. Another important observation from this work was that up to 90% of the detected cAMP in the cultures was extracellular. This was confirmed by later analyses, although the extent of cAMP secretion depended largely upon the organism and activity of the culture. Although stationary phase cultures of Anabaena flos-aquae were observed to secrete approximately 10-fold more cAMP than actively growing cultures (Francko & Wetzel, 1981) , an additional study only detected significant levels of extracellular cAMP in Spirulina platensis (Arthrospira) while that in cultures of Anabaena cylindrica and Synechocystis PCC 6803 was largely undetectable (Sakamoto et al., 1991) . Sakamoto et al. (1991) , however, purified cAMP from late log-phase, as opposed to stationary phase cultures, thus the inability to detect extracellular cAMP in some species may have been due to differences in culture conditions between studies.
It is possible to draw parallels between the incidences of extracellular cAMP in cyanobacterial cultures with the role of extracellular cAMP in the chemotactic behaviour of the unicellular eukaryote Dictyostelium discoidium (Konijn et al., 1969) . This is especially tempting as cAMP accelerated morphogenesis in cultures of Nostoc muscorum (Kumar & Gupta 1978) and stimulated filament clumping in S. platensis (Ohmori et al., 1992) . There is, however, an important caveat: there is no evidence that cAMP added to cyanobacterial cultures in these studies is acting in the extracellular as opposed to the intracellular environment to mediate these effects. In fact, addition of the PDE inhibitor, 3-isobutyl-1-methylxanthine, to cultures of S. platensis stimulated clumping, albeit to a lesser degree than addition of cAMP, by a mechanism that appears to have proceeded through the increased accumulation of intracellular cAMP (Ohmori et al., 1993) . A small increase in extracellular cAMP was also seen in this study and cannot be excluded as functionally irrelevant.
The final important observation from the initial study of Hood et al. (1979) was that environmental variables influenced culture cAMP levels; nitrogen starvation increased intracellular cAMP levels fourfold. This observation has been a source of some confusion in the study of cAMP in cyanobacteria for many years. A study performed in Anabaena flos-aquae concluded that although the transfer of a culture to N-free medium led to an increase in cellular cAMP, transfer to fresh N-containing medium also increased cAMP, although the effect was not as great (Francko & Wetzel, 1981) . The authors also noted that levels of cAMP fluctuated between different actively growing cultures and so, taken together, these results cast some doubt over whether N starvation can induce cellular cAMP production. The role of cAMP in N metabolism has remained unresolved. While initial studies reported that addition of 5 m cAMP to cultures of Anabaena variabilis did not affect heterocyst formation (Hood et al., 1979) , a later report revealed that addition of 1 m cAMP to cultures of the same organism gave a modest increase in heterocyst frequency (Smith & Ownby, 1981) . This report also demonstrated that not only did N-starved cultures take up and accumulate cAMP from the exogenous source, but that a proportion of this cAMP was metabolised and accumulated in an alternative nucleotide pool (ADP and ATP). There is no evidence therefore that the effect reported is due to cAMP rather than an alternative nucleotide. In addition, measurements of crude cAMP PDE activity in Anabaena variabilis were demonstrated to decrease in N-starved cultures (Ownby & Kuenzi, 1982) . This study also lacked essential control experiments previously highlighted (Francko & Wetzel, 1981) in which the effect of merely changing culture media was assessed.
More recent studies have cast further doubt on the role of cAMP in N-metabolism. By contrast to results in Anabaena, cellular cAMP in Synechocystis PCC 6803 was unaffected by N-starvation (Herdman & Elmorjani, 1988) . A key regulator of N-metabolism in cyanobacteria is the NtcA transcriptional regulator that belongs to the CAP (the catabolite gene activator or cAMP receptor protein) family (reviewed in Herrero et al., 2001) . It is tempting to draw the conclusion that Nmetabolism may be regulated by a cAMP controlled transcription factor through this mechanism. Closer examination of the primary sequence, however, revealed that key residues essential for cAMP binding in other CAP proteins are absent from NtcA making it unlikely that cAMP controls Nmetabolism by this mechanism (Herrero et al., 2001) . Finally, mutants defective in five of the six AC genes identified in the N-fixing organism Anabaena PCC 7120 were reported to give no N-dependent growth phenotype (Katayama & Ohmori, 1997) . The involvement of cAMP in N regulation in Anabaena is not supported by evidence from the analysis of these mutants.
The role of other environmental variables in the modulation of cyanobacterial cAMP levels is not as controversial. Intracellular concentrations of cAMP in S. platensis and A. cylindrica were higher in the dark than in the light (Sakamoto et al., 1991) . This study was not able to determine whether the increase in cAMP was due to an upregulated AC activity or the downregulation of a PDE. The increase in intracellular cAMP in Anabaena cylindrica on a light to dark transition (and a corresponding decrease on a dark to light transition) occurred within 1 min. A light-stimulated cAMP PDE was proposed on the basis of the rapid drop in cAMP on the dark to light transition (Ohmori et al., 1988) but there has been no other corroborating evidence. More recent work has examined the role of monochromatic light at particular wavelengths upon the fluctuations in cAMP levels in A. cylindrica. Wavelengths from the near-UV spectrum (340 nm), through blue light (450 nm) and to red light (630 nm) gave a decrease in cAMP concentrations on a dark to light transition (Ohmori et al., 2002) . This effect occurred over a time-frame of approximately 1 min, as previously noted (Ohmori et al., 1988) , with a maximal effect at 630 nm. Surprisingly, monochromatic wavelengths in the far-red spectrum (maximal effect at 730 nm) gave an increase in cAMP levels within 1 min of a dark to light transition. Disruption of the cyaC AC encoding gene of the related filamentous organism Anabaena PCC 7120 ablated the drop in cAMP seen on a dark to light (white light) transition (Katayama & Ohmori, 1997) . This identifies the source of cAMP in Anabaena that fluctuates in response to a dark to light transition but does not provide evidence that it is CyaC per se that is regulated by light. The exact mechanism by which monochromatic light regulates cellular cAMP awaits further study.
cGMP in cyanobacteria
The cGMP concentrations in cyanobacteria have not been studied as extensively as those of cAMP. Concentrations in the range of 3.5 -6.0 pmol mg −1 protein have been detected in Synechocystis PCC 6803 (Herdman & Elmorjani, 1988) . Interestingly, these levels increase to 9.5 -9.8 pmol mg −1 protein in cells grown under mixotrophic conditions and to 20 pmol mg −1 protein on transfer to medium lacking combined nitrogen (while cAMP levels remained constant). In addition, the authors have detected cGMP in Synechocystis PCC 6308 (17-35 pmol mg −1 protein), Plectonema PCC 73110 (4 pmol mg −1 protein), and Nostoc PCC 8009 (1-3.5 pmol mg −1 protein). The presence of cGMP in Synechocystis PCC 6803 was given biological relevance by a later study in which levels were decreased in a mutant defective in the expression of a gene with sequence homology to mammalian GCs (Ochoa de . To date, there are no complete studies on the phenotypic effects on the addition of cGMP to cyanobacterial cultures. As the recent genome projects have revealed a paucity of GCs among the cyanobacteria (see Section 4.2) this is not entirely surprising.
The studies detailed highlight some of the problems evident with experiments that assess culture phenotypes in the presence and absence of cyclic nucleotides or fluctuations on changing environmental variables. A further evaluation of cyclic nucleotide function requires the marriage of molecular data with such phenotypic analysis. The molecular identification of components of the cNMP signalling pathways are an essential first step toward this goal and are described in next Section 4.
IV. Molecular identification of components of the cNMP signalling pathway in cyanobacteria
Enzymes that produce and degrade cAMP
A PDE activity was identified in Anacystis nidulans and Anabaena cylindrica as early as 1974 providing evidence for the presence of components of the cAMP signalling pathway in cyanobacteria (Amrhein, 1974) . This same report stated that cAMP was detected in A. cylindrica although no data was provided. An AC activity was identified in A. nidulans several years later (Hintermann & Parish, 1979) but it was not until 1991 that the presence of an AC and PDE activity was systematically tested in multiple species. Significant AC and PDE activity was detected in A. cylindrica and S. platensis. A PDE activity but no AC activity (or measurable cAMP) was detected in Synechocystis PCC 6803 (Sakamoto et al., 1991) . Other work had been able to detect low (11-24 pmol cAMP mg −1 protein) concentrations in this organism (Herdman & Elmorjani, 1988) and the presence of an AC has since been confirmed through analysis of the genome project (Terauchi & Ohmori, 1999) . The inability to detect an AC activity or cAMP was therefore probably an anomalous result owing to the limits of detection of the assay systems used. Components of the cAMP signalling pathway, whose biochemical activity could be detected, have now been cloned from multiple species.
ACs in Anabaena cylindrica
As with other prokaryotic species (Wang et al., 1981) , molecular cloning of cyanobacterial ACs proceeded by complementation cloning of cya -E. coli. The first experiments were performed with DNA extracted from A. cylindrica in an attempt to identify an AC implicated in the light-dark shift in cAMP levels (see Section 3.1). A gene was identified that encoded a 502 amino acid ORF with a Cterminal AC-like domain (Fig. 2) . The resulting protein was immunolocalized to the thylakoid membrane and hypothesized to cross the membrane twice but neither of these findings revealed any specifics of the function of this gene (Katayama et al., 1995) . An intriguing finding of this study was that the AC catalytic domain was highly homologous to other class III AC domains identified in eukaryotes and some bacteria rather than to other prokaryotic AC classes (i.e. classes I and II, as identified at the time; Barzu & Danchin, 1994) . This represented a remarkable conservation of gene function across several billions of years of evolution.
ACs in Spirulina platensis
Complementation cloning was also performed using Spirulina platensis DNA because studies with this organism had shown that exogenously added cAMP and a PDE inhibitor stimulated trichome clumping (Ohmori et al., 1992 (Ohmori et al., , 1993 ) (see Section 3.1). A genomic DNA library from this species transformed into cya -E. coli identified six distinct DNA fragments that triggered cAMP accumulation (Yashiro et al., 1996) . The first of these to be characterized, cyaA, encoded an ORF with a C-terminal class III AC domain ( Fig. 2) (Yashiro et al., 1996) . Spirulina cyaA was hypothesized to encode a transmembrane pass and also an N-terminal domain similar to the putative extracellular region of the vsrA gene product of Pseudomonas solanacearum (Fig. 2) . This was the first indication of an alternative structural domain associated with an AC domain in cyanobacteria and has since proven to be a general feature.
The second AC from Spirulina platensis to be characterized, cyaC, also encoded a C-terminal class III AC domain but was associated with a number of distinct N-terminal domains including two response regulator receiver domains (R1 and R2), two domains similar to ETR1 of Arabidopsis (identified as GAF domains by SMART; Fig. 2) , and a histidine kinase transmitter domain (Kasahara et al., 1997) . It is significant to note that a SMART analysis reveals a more extensive domain structure than originally published, that also includes a HATPase domain. Recombinant CyaC protein had an AC activity in vitro with a K M(ATP) of 13 µ (a value similar to that for mammalian tmACs). This was the first unequivocal demonstration that the cyanobacterial class III AC-like genes encode functional proteins that can play a role in signalling and was a benchmark for all studies to follow.
The histidine kinase transmitter domain of Spirulina CyaC contains a conserved phosphorylation site that is able to transfer a phosphoryl group and autophosphorylate CyaC on aspartate residues in the receiver domains (R1 and R2; Fig. 2 ) (Kasahara & Ohmori, 1999) . Phosphorylation of R2 subsequently activated the AC domain although the exact mechanism remains to be identified. Thus, although the CyaC AC domain is related to the mammalian class III AC domains by sequence homology it has a distinct mode of regulation (forskolin, a nonspecific activator of mammalian tmACs, had no effect on the activity of recombinant CyaC). It was proposed that the ETR1 (GAF, see earlier) domain receives a signal that is subsequently transmitted to the AC domain through the response regulator. It seems obvious to note, but is striking nonetheless, that in both the tmACs and CyaC, the AC catalyst 
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appears to amplify a received signal to modulate the response of the cell.
The third DNA fragment derived from Spirulina platensis that complements cya -E. coli is cyaG (Kasahara et al., 2001) . CyaG is similar to CyaA and CyaC in possessing a C-terminal class III AC-like domain but is remarkable in that a N-terminal region next to the AC domain shows significant homology to the dimerization domain of the mammalian GCs. Although CyaG does not possess a kinase homology domain, its topological relationship with the mammalian GCs is further indicated by the possession of a single transmembrane domain and an extracellular domain proposed to be analogous to the ligand-binding domain of the GCs. Although structurally related to the mammalian GCs, CyaG recombinant protein possessed an AC, rather than a GC, activity. Given the homology between the catalytic centres of the mammalian ACs and GCs Sunahara et al., 1998) and the topological relationship between CyaG and the mammalian single transmembrane pass GCs, it is possible that CyaG represents an ancestor of the mammalian GCs.
ACs in Anabaena PCC 7120
Although no further work has been reported on the ACs of A. cylindrica since the original study of 1995 (Katayama et al., 1995) , a more exhaustive analysis of the AC repertoire of the related filamentous organism Anabaena PCC 7120 has been performed (Katayama & Ohmori, 1997; Kasahara et al., 2001) . The genome of Anabaena PCC 7120 contains genes encoding six class III AC domaincontaining ORFs, five of which (cyaA, cyaB1, cyaB2, cyaC and cyaD) were identified by complementation cloning (Katayama & Ohmori, 1997 ) and a sixth (cyaE ) by searching the Anabaena genome project (Kasahara et al., 2001; Ohmori et al., 2001) . The six ACs have a variety of domain structures (Fig. 2) although it is significant to note that the structures of CyaB1 and CyaB2 are essentially identical, while those of Anabaena CyaC and CyaE are very similar to those of Spirulina CyaC and CyaA, respectively.
Although there are similarities in AC domain structure within the same species (e.g. CyaB1 and CyaB2 of Anabaena) and from different species (e.g. CyaC of Anabaena and Spirulina) the AC sequences published to date show significant domain structure heterogeneity. It appears that an AC domain can generate a specific output from a variety of inputs depending upon the domain structure of the particular AC molecule. In this manner specificity of AC activation is possible. A problem that remains to be tackled is how specificity of activation of downstream activators is achieved (e.g. by spatial segregation of specific ACs or downstream effectors).
Identification of cAMP signalling components through genome analysis
The various cyanobacterial genome projects have enabled the identification of components of the cNMP signalling pathways including ACs, PDEs and other ORFs predicted to bind cAMP. The genome of the unicellular cyanobacterium Synechocystis PCC 6803 (Kaneko et al., 1996) has been extensively searched for components of the cAMP signal transduction pathway. The genome, searchable through Cyanobase (Nakamura et al., 1998; Nakamura et al., 2000) , has revealed several nucleotide cyclases (Terauchi & Ohmori, 1999; . slr1991 is assumed to be an AC on the basis of the loss of accumulated cAMP in a disruption mutant (Terauchi & Ohmori, 1999) and the conservation of residues essential for AC catalytic activity in mammals . A second ORF, slr1161, despite having significant homology to class III ACs, is of uncertain biochemistry as key catalytic residues essential for GC/AC activity are not conserved .
Searches of the Synechocystis PCC 6803 genome have also revealed three ORFS (sll1371, sll1924 and slr0593) containing motifs homologous to the binding domain of the bacterial cAMP receptor protein (CRP). Of these, two were identified as binding cAMP (sll1371 and slr0593). sll1371 (also called SYCRP1) was able to bind DNA containing a consensus CRP-binding site (Yoshimura et al., 2000) . These data strongly suggest that SYCRP1 is a transcription factor that acts downstream of an AC in Synechocystis. It is interesting to note that both slr1991 and SYCRP1 give a similar immotile phenotype in disruption mutants supporting the role of these two gene products in a single signalling pathway (Terauchi & Ohmori, 1999; Yoshimura et al., 2002b) . Although there is no formal proof that slr1991 is epistatic to SYCRP1, it is significant that the analysis of an available genome has allowed the partial elucidation of a signal transduction pathway in a cyanobacterium. This is supported by recent work using DNA microarrays that identified ORFS with partial homology to type IV prepilins among the targets of SYCRP1 (Yoshimura et al., 2002a; Yoshimura et al., 2002b) . Type IV prepilins have been implicated in bacterial motility in other Gram-negative organisms.
In addition to the ACs and CRP-like cAMP binding proteins, database analysis has revealed a number of other ORFs that contain cAMP-binding motifs, including two putative cyclic nucleotide phosphodiesterases (sll16234 and slr1200), a member of the two-component regulatory system (slr2104), a putative cNMP gated channel (slr1575), a putative cNMP regulated permease (slr0593), and a putative cNMP regulated signal transducing module that contains a DUF2 domain (slr0842) . It is significant to note that potential CRP-binding sites identified as sites of action for SYCRP1 by computer analysis have not been born out by DNA microarray analysis (Yoshimura et al., 2002a) . Although it is formally possible that these sites may bind an as yet uncharacterized CRP-like molecule, this discrepancy further highlights the problems associated with predictive bioinformatics software.
Enzymes that produce and degrade cGMP
An ORF identified from analysis of the Synechocystis PCC 6803 genome, sll0646, is hypothesized to be a GC based upon the presence of catalytic residues indicative of a class III nucleotide cyclase with specificity for GTP and the loss of approximately 50% of the accumulated cGMP in a disruption mutant . Conclusive proof that sll0646 is a GC requires the biochemical characterization of a recombinant protein. sll0646 is the only potential prokaryotic GC identified to date and the confirmation of its biochemistry will have important implications for our understanding of the evolution of ACs and GCs.
V. Lessons from cAMP signalling in cyanobacteria for other organisms
The cAMP-signalling pathway in cyanobacteria has been studied in the context of our knowledge of cyclic nucleotides in other organisms. Knowledge of the well-characterized mammalian class III ACs (see Section 2.1) has informed the analysis of ACs in cyanobacteria. In the first instance, the known sequence of the mammalian tmACs has allowed the placement of the cyanobacterial ACs within the phylogenetic framework of the class III AC molecules (Katayama et al., 1995) . The crystal structure of the mammalian tmAC catalytic domains allowed the unequivocal identification of residues essential for catalysis (Tesmer et al., 1997; Zhang et al., 1997) and modelling of the catalytic mechanism of the mammalian GCs Sunahara et al., 1998; Tucker et al., 1998) . Knowledge of these catalytic residues in the mammalian enzymes has allowed the specificity of nucleotide cyclases identified by complementation cloning or genome analysis in cyanobacteria to be hypothesized (Fig. 3) . Confirmation of the role of active site residues conserved between cyanobacterial and mammalian ACs in the catalytic mechanism of the cyanobacterial AC has recently been demonstrated for Anabaena PCC 7120 CyaB1. In addition, complementary mutations in essential catalytic residues were used to demonstrate that CyaB1 forms a catalytic homodimer with two active sites in contrast to the mammalian heteromer with a single active site (Kanacher et al., 2002) . The conservation of sequence and catalytic mechanism across billions of years of evolution suggests that cAMP may be one of the most ancient signal transduction molecules on Earth.
The HCO 3 --regulated mammalian sAC is more closely related to other prokaryotic (including cyanobacterial) class III ACs than to other mammalian tmACs (Buck et al., 1999; Roelofs & van Haastert, 2002) . Consistent with this phylogenetic relationship, it was demonstrated that a single cyanobacterial class III AC, CyaC of S. platensis, was also stimulated by HCO 3 - (Chen et al., 2000) . HCO 3 -is fundamental to cyanobacterial biology as the inorganic carbon species that accumulates in the intracellular environment for transport to the carboxysome. Despite a wealth of evidence on the physiology and genetics of the carbon concentrating mechanism in diverse cyanobacterial species (Badger & Price, 2003) the mechanism by which an organism is able to detect fluctuations in environmental carbon is not known. sAC and CyaC are the first examples of signalling molecules that are responsive to HCO 3 -and it is possible that AC domains may be responsible for some aspects of carbon detection in cyanobacteria (see below).
The analysis of ACs in cyanobacteria has not been wholly dependent on other systems, with information gleaned from mammals used to inform features of cyanobacterial signalling. In some aspects, the study of cyanobacterial cAMP mediated signal transduction has provided deep insights into the study of signal transduction in a diversity of other organisms.
The GAF domain is a regulatory small-molecule-binding domain found in a huge range of evolutionary and functional contexts (Aravind & Ponting, 1997) the archetype of which is the GAF domain of the cGMP-binding PDEs. In the cGMP-binding PDEs, cGMP binds a GAF domain (McAllisterLucas et al., 1995) with subsequent activation of the PDE domain (Rybalkin et al., 2003) . The GAF domain was the only identified cNMP-binding domain/protein for which separate forms that bind cAMP or cGMP had not been Fig. 3 Conservation of catalytic residues between mammalian and cyanobacterial nucleotide cyclases. Sequence alignment of a portion of the catalytic domain of presumed Anabaena PCC 7120 adenylyl cyclases (ACs) (all1118, alr2266, all1904, all4963, all0743, all0661) and a presumed Synechocystis PCC 6803 GC (sll0646) with a corresponding mammalian AC (Bos AC1) and GC (Rattus GCA). Amino acids that contribute to catalysis are shown in bold. Note that the two Bos AC catalytic domains (C 1 and C 2 ) each contribute catalytic residues while a full complement of catalytic residues is contributed by each cyanobacterial AC monomer. The T/D polymorphism proposed as a marker for HCO 3 -responsiveness is boxed. Numbers correspond to amino acid residue from the open reading frame (ORF). Bracketed number corresponds to the number of amino acids not represented in the figure for clarity.
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identified. For example, although cNMP-gated channels activated by cAMP and cNMP-gated channels activated by cGMP were known, only GAF domains that bound cGMP had been identified while those that bound cAMP were unknown. Analysis of the GAF-B domain of Anabaena PCC 7120 CyaB1 (Fig. 2) revealed that it bound cAMP and the cAMP bound GAF-B domain subsequently activated the AC domain (Kanacher et al., 2002) . Exchange of the GAF-B domain of CyaB1 with the cGMP-binding GAF domain of rat PDE2 generated a cGMP-activated AC (Kanacher et al., 2002) . These elegant experiments with a cyanobacterial AC have not only provided the first example of a cAMP-activated GAF domain but also demonstrate that the specificity of GAF domain activation has been maintained for over two billion years of evolution and spread to all phyla. That the GAF domain of PDE2 can be transferred to CyaB1 and can functionally activate a seemingly unrelated functional domain is a remarkable finding.
It was also noted that the Anabaena PCC 7120 CyaB1 AC domain contained an interesting active site polymorphism that distinguished it from the mammalian tmACs. A canonical aspartate of the tmACs (D1018 of AC IIC 2 ; Tesmer et al. 1997 ) was replaced by a threonine (T721) in CyaB1 (boxed in Fig. 3 ) (Kanacher et al., 2002) . This polymorphism is maintained in five of the six AC domains from Anabaena. D1018 of AC IIC 2 is essential for ATP substrate definition and the corresponding mutant CyaB1 recombinant protein (T721A) showed a loss of > 99% enzyme activity indicating that this polymorphic residue is also essential for catalysis (Kanacher et al., 2002) . Interestingly, the D to T polymorphism is maintained in not only the AC domains of Anabaena but also the HCO 3 -responsive mammalian sAC and Spirulina CyaC. CyaB1 was also activated by physiologically relevant concentrations of HCO 3 -, supporting a role for this polymorphism as a marker for class III AC domain HCO 3 -responsiveness (Cann et al., 2003) . Although ablation of T721 did not affect the HCO 3 -responsiveness of CyaB1, mutation of a lysine residue (K646), hypothesized to be adjacent to T721 on the basis of analysis of the tmAC crystal structure (Tesmer et al., 1997; Zhang et al., 1997) , made the enzyme refractory to HCO 3 -. The homologous lysine of AC IIC 2 (K938) is hypothesized to form a hydrogen bond with the carboxyl side-chain of D1018 (Tucker et al., 1998) and it was proposed that in ACs with a corresponding T polymorphism, HCO 3 -may mimic this carboxyl group within the active site (Fig. 4) . In support of this hypothesis, all recombinant enzymes examined to date with an active site D residue (tmACs (Chen et al., 2000) ; Mycobacterium tuberculosis Rv1264 and Rv1625c (Cann et al. 2003 ) are non-responsive to HCO 3 -while those with an active site T residue (mammalian sAC, Spirulina CyaC (Chen et al., 2000) , Anabaena CyaB1, Stigmatella aurantiaca CyaB, Mycobacterium Rv1319c (Cann et al. 2003) ) are activated by HCO 3 -. Studies initiated on Anabaena CyaB1 have therefore identified a key mechanism by which AC catalytic domains from diverse prokaryotic and eukaryotic species may detect and respond to fluctuations in environmental HCO 3 -. The challenge for the study of AC domains in cyanobacteria is to determine whether they functionally enable an organism to respond to environmental carbon and integrate that signal with those from other structural domains on the same molecule.
It is clear from these examples that the study of cNMPs in cyanobacteria has relevance beyond the initial sphere of enquiry. The discovery of a putative GC in Synechocystis and the analysis of GAF domains and HCO 3 -signal transduction in Anabaena have ramifications far beyond this field. Future work may reveal new facets of cAMP signalling with relevance to other organisms. Of note is the identification of ORFs with significant homology to class III AC domains from Synechocystis PCC 6803 (slr1161) and Anabaena PCC 7120 (alr1118) that contain polymorphic residues at conserved catalytic positions. Future work will be essential to discover the significance of these differences and their further relevance. (Tesmer et al., 1997) interacting with the adenine ring of ATP are shown above. Below is a hypothesized site of action for HCO 3 -within the active site of Anabaena CyaB1. Note that HCO 3 -in CyaB1 replaces the carboxyl group of D1018 from VC 1 .IIC 2 .
